Cell fusion was recently reported to account for the plasticity of adult stem cells in vivo. Adult stem cells, referred to as mesenchymal stem cells or marrow stromal cells, from rat marrow, were infused into 1.5-to 2-day-old chick embryos. After 4 days, the rat cells had expanded 1.3-to 33-fold in one-third of surviving embryos. The cells engrafted into many tissues, and no multinuclear cells were detected. The most common site of engraftment was the heart, apparently because the cells were infused just above the dorsal aorta. Some of the cells in the heart expressed cardiotin, and ␣-heavy-chain myosin. GFP ؉ cells reisolated from the embryos had a rat karyotype. Therefore, the cells engrafted and partially differentiated without evidence of cell fusion.
M
ultipotential cells with many of the characteristics of stem cells have now been isolated from a variety of differentiated tissues, including bone marrow, fat, umbilical blood, synovial membranes, brain, and heart (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . To varying degrees, the adult stem cells from different sources have been shown to differentiate into a variety of cell phenotypes in culture, including osteoblasts, adipocytes, chondrocytes, epithelial cells, myoblasts, and early precursors of neural cells. Also, a number of investigators have reported that after infusion into animals, adult stem cells from several sources engraft into multiple tissues and, at least in part, differentiate into the phenotype of the cells found in the tissues. Recently, however, several reports have indicated that some or all of the apparent plasticity observed after adult stem cells are administered in vivo is accounted for by the donor cells fusing with recipient cells (15) (16) (17) (18) (19) .
Among the most extensively studied adult stem cells (1-4, 6, 14, 20) are the cells from bone marrow referred to as mesenchymal stem cells or marrow stromal cells (MSCs) . If plated at very low densities, MSCs generate single-cell-derived colonies, and the colonies can be differentiated into several cell phenotypes in culture (1-4, 14, 20) . After infusion into irradiated animals, MSCs home to a variety of tissues, particularly after tissue injury (14) . Therefore, MSCs and related cells from bone marrow appear to be part of a natural repair system that supplements the stem-like cells found in multiple tissues that are mobilized by tissue injury. Cell fusion by MSCs was recently observed in a coculture system in which MSCs were added to a monolayer of heat-shocked lung epithelial cells. A few of the fused cells also underwent nuclear fusion (21) . However, threefourths or more of the MSCs that differentiated into epithelial cells underwent the change in phenotype without evidence of cell fusion (21) .
In this study, integration and differentiation of rat MSCs were examined in vivo by transplantation into organogenesis-stage embryos. Rat MSCs expressing GFP were grafted in place of epithelial-stage somites of chick embryos that were 1.5-2 days old, i.e., stage 12-13 of development. The grafted cells that survived in the chick host were identified as GFP-expressing cells 4 days postinjection. Real-time PCR assays for rat Y chromosome confirmed that the GFP ϩ rat cells had integrated into the embryonic tissue. In one embryo, there was a 30-fold increase of rat cells. Histological analysis showed that MSCs had migrated into multiple host tissues, including the heart, liver, and vertebral column. Karyotyping of GFP ϩ cells isolated from the embryos demonstrated that the cells retained a normal karyotype with 42 rat chromosomes instead of the 78 in chick cells.
Methods
Primary Marrow Stromal Cell Cultures. MSC were collected from femurs and tibias of adult male rats that ubiquitously expressed GFP. The transgenic rats (CZ-004) were kindly provided by M. Okabe, Genome Information Research Center, Osaka University, Osaka (22) . Rats were killed with a mixture of 70% CO 2 and 30% O 2 . Tibias and femurs were placed on ice in MEM with ␣ modification (␣-MEM; GIBCO͞BRL) containing 20% FCS (Atlanta Biologicals, Norcross, GA), 2 mM L-glutamine, 100 units͞ml penicillin, 100 g͞ml streptomycin, and 25 ng͞ml amphotericin B (GIBCO͞BRL). Epiphyses of femurs and tibias were removed, and the marrow was flushed out by using a syringe filled with medium. Bone marrow was filtered through a 70-m nylon mesh and plated in 75-cm 2 flasks. About 24 h after plating, supernatant containing nonadherent cells was removed, and fresh medium was added. After the cells had grown to near confluency, they were passaged two to five times by being detached with 0.25% trypsin͞1 mM EDTA at 37°C for 5 min and replated at a density of Ϸ5,000 cells per cm 2 . For injection, MSCs were plated at 100-500 cells per cm 2 and incubated for 4-5 days at 37°C. The cells were harvested with trypsin͞EDTA and suspended in PBS.
Microsurgery. Chick embryos incubated at 39°C for 40-48 h at stages 12-14 were used to inject the MSCs. To lower the embryo, 2 ml of albumin was removed from the tapered end of the egg by using an 18-gauge needle and a syringe. An oval opening Ϸ1 inch long was made in the shell to view the embryo. Filtered 5% India Ink (Pelikan) in PBS was injected under the embryo to increase the contrast. The two or three most recently formed somites of 12-20 somites present in the chick embryos were crushed or removed by using a titanium needle (McCrone Microscopes, Westmount, IL). Rat GFP ϩ MSCs were suspended at 5,000-20,000 cells per microliter in PBS at 4°C, and 1-5 l of cells suspension was injected into the space created by removing the somites. An equal volume of PBS was injected into control embryos. The cell suspension was kept on ice until injection to prevent cell aggregation. The embryos were harvested 4 days postinjection and used for immunofluorescence or real-time analysis.
Immunocytochemistry. Embryos were harvested, rinsed with PBS, fixed in 4% paraformaldehyde in PBS fixative overnight at 4°C transferred to 30% sucrose solution, and flash frozen, and 20-m sections were cut in a cryostat. Every 9th and 10th section was mounted on a slide for further analysis, and the remaining sections were collected into a tube for real-time PCR analysis. Antibodies to cardiotin and ␣-heavy-chain myosin (Chemicon Temecula, CA, and Abcam, San Antonio, TX) were incubated at 1:100 dilution for 36 h at 4°C. The slides were washed three times for 5 min with PBS. They were incubated with Alexa-594-tagged (Molecular Probes) secondary anti-mouse antibody at 1:1,000 dilution for 1 h. Controls included omitting the primary antibody. Slides were evaluated by using epif luorescence (Eclipse 800; Nikon) and 3D deconvolution microscopy [Leica (Deerfield, IL) DM RXA2 and SlideBook from Intelligent Imaging Innovations, Denver].
Real-Time PCR Analysis for the Rat Y Chromosome. Both frozen sections and whole embryos were used to extract DNA. The tissues were incubated with 1 ml of proteinase K solution (0.4 mg/ml proteinase K͞10 mg/ml SDS in Tris buffer at pH 7.4; Sigma) at 45°C for 24 h. The DNA was extracted by using phenol͞chloroform extraction protocol (Sigma). The precipitated DNA was purified by using DNeasy tissue kit (Qiagen, Chatsworth, CA). Approximately 300 ng of chicken embryo DNA was used to analyze the engraftment by using a universal PCR mix (Applied Biosystems). The primers and probe set used were caagtcaagcgccccatgaa and ttgagccaacttgtgcctctctc and FAM-tgcatttatggtgtggtcccgcg-TAMRA. The conditions were initial denaturation at 94°C for 10 min, then 45 cycles with denaturation at 94°C for 1 min and annealing at 60°C (or Ϫ5°T m ) for 1 min (23). Standards were run simultaneously by using pure uninjected chicken embryo DNA and purified DNA from rat MSCs.
Fluorescence-Activated Cell Sorting (FACS) and Karyotyping. Embryos injected with rat GFP ϩ cells were dispersed with 1 mg͞ml collagenase and dispase in PBS (Roche Molecular Biochemicals) for 1 h at 37°C. GFP ϩ cells were sorted from the suspension by using a flow cytometer (FACS Vantage SE; Becton Dickinson). The sorted cells were cultured for 3 days at 10-15 cells͞cm 2 and harvested by using trypsin͞EDTA. Harvested cells were treated with hypotonic solution of 0.075 M potassium chloride and fixed in 3:1 methanol͞glacial acetic acid. G bands were stained with a standard G band procedure by using trypsin and Wright's stain (24) .
Results
Rat MSCs expressing GFP were infused into stage 12-13 chick embryos prepared by warming fertilized eggs to 37°C for 2 days. Two of the most recently formed somites on the right side were surgically removed (25) , and 5,000-50,000 male rat MSCs expressing GFP were infused into the space created (Fig. 1) . About half the embryos infused with either rat MSCs (101͞235) or PBS (50͞101) survived the manipulations. The embryos were harvested 4 days after the infusion, at which time there was considerable variation in size but most had developed to stages 24-26. The average initial wet weight content of the embryos was Ϸ3 mg; 4 days later, the wet weights varied between 300 and 500 mg, indicating a 100-to 160-fold increase in size. A preliminary screen for engraftment was carried out by searching for GFP ϩ cells in whole mounts of the embryos. Fifteen of 65 live embryos tested were shown to contain the donor cells by real-time PCR assays for the rat Y chromosome ( Table 1 ). The extent of chimerism varied widely, but 5 of the 15 embryos showed 0.03-0.8% chimerism and 1.5-to 33-fold increase in male rat chromosomes.
In histological sections of the embryos, GFP ϩ cells were detected in multiple developing organs of the embryos, including heart, liver, brain, and spinal cord (Fig. 2) . The most common site of appearance of the GFP ϩ cells was the heart, apparently because the site of infusion was just above the dorsal aorta (Fig.  1) . The cells were found in several regions of the developing heart (Fig. 3) . Immunostaining of sections of heart demonstrated that some of the GFP ϩ cells expressed cardiotin, a protein found in the longitudinal sarcoplasmic reticulum of mature cardiomyocytes (Figs. 4A and 5 ). In addition, some stained for ␣-heavychain myosin (Fig. 4B) . Because of the early stage of development (26), the hearts also contained both GFP ϩ cells and endogenous GFP Ϫ cells that did not express cardiotin or ␣-heavy-chain myosin but had the morphology of the proliferating immature cardiomyocytes that form the trabecular myocardium in stage 21-29 chick embryos (26) . Examination of the sections by 3D deconvolution microscopy demonstrated that both the GFP ϩ cells positive for cardiotin and negative for cardiotin were mononuclear (Fig. 5 A and B) .
Embryos that contained GFP pattern (Fig. 6 ). The cells were therefore distinctly different from chick cells that contain 78 chromosomes.
Discussion
The data presented here demonstrate that after rat MSCs expressing GFP were infused into early stage chick embryos, about one-third of the surviving embryos harvested 4 days later contained rat cells in multiple tissues. The number of rat GFP ϩ cells in a few of the embryos increased 1.5-to 33-fold as the size of the embryos increased 100-to 160-fold; therefore, the rat cells expanded, but not as rapidly as the endogenous chick cells. GFP ϩ cells harvested from the embryos had the normal rat karyotype of 42 chromosomes instead of the distinctive 78 chromosomes found in chick cells. Therefore, the rat cells had engrafted and expanded under conditions that did not produce any major genomic alterations. In the heart, most of the cells assumed the expected morphology of mononuclear proliferating cardiomyocytes, and few of the cells had partially differentiated, as demonstrated by expression of cardiotin and ␣-heavy chain myosin. The simplest explanation for the data therefore is that the rat cells both engrafted and partially differentiated without cell fusion. The data, however, do not rule out the possibility that some of the rat cells fused with the chick cells, and that some of the fused cells underwent reductive division. However, to account for the normal rat karyotype of a large fraction of the reisolated GFP ϩ cells and the failure to detect multinuclear cells, it would be necessary to assume that the fused cells are transient intermediates, and that the reductive division to generate cells with a rat karyotype is highly efficient.
All of the observations on differentiation or fusion of adult stem cells can probably be resolved within the context of information now available. One consideration is that cell fusion is a normal event during the development of several tissues. Fusion has long been known to be essential for formation of skeletal and cardiac muscle cells (8) . Multinuclear and polyploid cells have long been observed in liver, and recent observations demonstrated that they are primarily caused by cell fusion and not by an interruption of mitosis (17, 18) . Also, recent observations have demonstrated that Purkinje cells continue to fuse with cells of hematopoietic origin during adult life (27) . A second consideration is that recent observations suggest several types of stem cells are particularly prone to fuse with differentiated cells both in culture and in vivo (19, 21) . A third consideration is that the experimental strategies used to follow differentiation or fusion are generally biased to detect either one process or the other. Also, most of the experimental strategies are still not fully tested, and the biological systems for in vivo experiments are complex. Therefore, negative data in any one system are generally not conclusive. With these considerations, all of the data can be reconciled by concluding that adult stem cells can undergo both transdifferentiation and fusion in vivo, and that the relative degree of detection of each process depends highly on the analytical techniques used, the tissue examined, and other factors such as the developmental stage of the organism and the presence of tissue injury (14) .
